Abstract. The nature of the reaction and the main parameters affecting Ag precipitation rate in the system Ag + -CN --S 2 O 4 2-are studied. From the results obtained, a process of chemical precipitation for Ag recovery is proposed, using an environmentally-friendly reducing reagent (sodium dithionite, Na 2 S 2 O 4 ), leaving a residual content of Ag into the permitted environmental levels (<5 mg L -1 Ag). The levels of CN -in liquids wastes are of the order of 0.816 mol L -1 , and they can be treated by ozonization processes for inerting cyanide. The results obtained indicate that Ag precipitation is achieved in less than 1 hour, with recoveries close to 99%, at room temperature. Silver precipitation is characterized by an induction period followed by a precipitation period, leaving a metal amount in solution less than 1 mg L -1 . The main kinetic parameters studied lead to obtain the following apparent reaction orders: with respect to the initial [S 2 O 4
Introduction
The recovery of silver from secondary sources, such as effluents coming from metallurgical processes [1] , hydrometallurgy [2] , electrolysis [3, 4] , the metallic coating industry, photographic effluents [5] , among others, is an attractive activity due to its economic value. These effluents are also considered as toxic and dangerous residues.
Generally, the silver effluents are present in a complex form, such as thiosulphate (S 2 O 3 2-) or cyanide (CN -) media and they cannot be discharged into public drainage without a previous detoxification treatment [6] . Several studies have been developed to recover silver from industrial effluents, such as cementation [7, 8] , electrolytic recovery [9] [10] , ion exchange resins [11] [12] [13] . However, these processes have technical difficulties, related to the metal percent of recovery and relatively low purity of silver obtained. These processes can be too expensive for small and medium producers; they can also generate highly dangerous residues [14] [15] [16] .
Rivera et al., [17] studied the silver precipitation in elemental form in the S 2 O 3 2--S 2 O 4 2-system. In this work it was found that silver precipitation was characterized by an induction period, followed by a conversion (precipitation) period, until almost all the silver was precipitated, leaving in solution a metal amount less than 1 ppm. Aggregates of individual crystals with a size less than 0.5 µm were obtained. In dithionite medium, 1 mol dithionite can precipitate 2 mol of silver, whereas without thiosulphate in the reaction system, 1 mol dithionite precipitated 6 mol of silver. In the kinetic study and in the induction period, the inverse of this parameter was proportional to [S 2 O 4 2-] 0. 4 and apparent activation energy of 108 kJ mol -1 was obtained. During the precipitation period, the reaction order with respect to [S 2 O 3
2-] was n = -3, with respect to the initial [S 2 O 4 2-] n = 0.9, with respect to [OH -] and the initial [Ag + ] was n ≈ 0. An activation energy of 52 kJ mol -1 was obtained.
In the present work, the nature of the precipitation reaction of silver involved in cyanide solutions is studied. 2-. A comparative study of silver precipitation using sodium dithionite, in thiosulphate and also in cyanide media is also included.
Results and discussion
Nature of the silver precipitation reaction using sodium dithionite in cyanide medium A preliminary experiment has been carried out with experimental conditions selected from results obtained in a previous work [18] Figure 1 shows the silver conversion (X Ag ) versus time. This graph presents a behavior in two steps: a first step corresponding to an induction period (5 min) and a second step corresponding to the precipitation period (40 min). During the induction period, no precipitation was detected, only color change of solution, from colorless to gray color. This period corresponds to the nucleation of silver crystals. The precipitation period corresponds to the growth process of these crystals, and silver precipitation is almost total. From this experiment and other preliminary experiments [18] , the duration of the induction period was small, and consequently, no seeding was used in any experiment of this work.
The recovery of silver has been higher than 99% in 45 minutes and the product obtained was metallic silver (Figure 2 ). [17] . Figure 4 shown a spectrum obtained by SEM-EDS corresponding to the mentioned crystals, were silver appears as the only element in the precipitated. In addition elemental analysis by AAS was performed, obtained a purity of 99.8% of silver.
The rate of oxidation of sodium dithionite was studied under the following experimental conditions:
.0278 mol L -1 ; pH = 11 and stirring rate 500 min -1 . The results show that the dithionite during the first 45 min was oxidized in 30% as sulfites. At the same time, the reaction of precipitation of silver occurs in parallel form, therefore, at this time interval there is enough dithionite (70% of the initial concentration) so that the reaction of silver precipitation occurs. At times over to 120 min there is an oxidation of dithionite around of the 80%. The dithionite oxidation process is as follows:
The presence of sulfites in the residual liquids after precipitation was confirmed by iodometry and ionic chromatogra- phy. The quantitative analysis confirms that all dithionite was oxidized as sulfite.
Kinetic study of silver precipitation in cyanide medium
The effect of stirring rate over silver precipitation ( Figure 5 ) was carried out in the range of 100-1000 min -1 . K exp for each experiment was obtained as the slope in the graph X Ag vs. time, which measures the precipitation rate. For all the experiments with magnetic stirring the induction time was similar, and a K exp of 0.060 min -1 was obtained, indicating that there was not effect of stirring rate in the interval studied. One additional experiment was carried out using mechanical stirring. The rate obtained was almost the same as with magnetic stirring. Consequently, the silver precipitation rate is independent of the stirring system used, in the experimental conditions employed. However, and for higher reaction time silver was partially redissolved. For a stirring speed of 100 min -1 , the induction time is higher with respect to the experiments carried out at 500 and 1000 min -1 . Consequently, a stirring speed of 500 min -1 was chosen for the systematic study carried out, to minimize the induction time of this process. The effect of initial dithionite concentration on silver precipitation ( Figure 6 ) was determined in the range between 0.029 and 0.115 mol L -1 S 2 O 4 2-. Figure 7 is a plot of log K exp versus log [S 2 O 4 2-]. The apparent reaction order obtained was n = 1.675, indicating and important effect of this variable in the reaction rate.
The effect of cyanide concentration on silver precipitation was determined in the range of 0.0612 and 0.1633 mol L -1 (Figure 8 ). When cyanide concentration increased, the silver precipitation rate diminished. Figure 9 is a plot of the log of the precipitation rate (log K exp ) versus log [CN -]. The reaction order obtained was of n = -1.24. In these conditions, the noncomplexed silver concentration is very low (see eq. 5), and this concentration decreases sharply as the cyanide concentra- tion increases, obtaining a negative apparent reaction order of -1.24.
The effect of OH -concentration on silver precipitation was determined in the range of 1 × 10 -5 - 1 × 10 -2 mol L -1 ( Figure  10) . A K exp of 0.17077 min -1 was obtained for OH -concentration of 1 · 10 -5 mol L -1 and a K exp of 0.06029 min -1 for an OH -concentration of 1 × 10 -4 mol L -1 , 1 × 10 -3 mol L -1 and 1 × 10 -2 mol L -1 . In the last range, the reaction order was of n ≅ 0; therefore, there is no significant effect of the [OH -] on the rate of precipitation of silver under the conditions studied here. Figure 11 includes the effect of temperature on silver precipitation in the range of 15 °C (280 K) and 65 °C (338 K). Figure 12 is a plot of ln K exp vs. 1000/T (interval 25-55 °C), obtaining an activation energy of 77 kJ mol -1 . The controlling step of the process is the chemical reaction itself (chemical control), in the experimental conditions employed. The obtained product at 15 °C and 25 °C corresponds to metallic silver as the only specie present (Figure 2 ). At temperatures of 35 °C and 45 °C formation of Ag 2 S appears in incipient manner; but this formation increases at temperatures over to 45 °C, obtaining a similar behavior to Rivera et al. [17] in the system Ag-S 2 O 3 2--S 2 O 4 2-. The sulfur content in these precipitates was determined by Elemental analysis: 15 °C and 25 °C, <0.01% S (≅0.07% Ag 2 S); 35 °C , 0.42% S (≅3.25% Ag 2 S); 45 °C, 1.12% S (≅8.67% Ag 2 S); 55 °C, 6.80% S (≅52.67% Ag 2 S) and 65 °C, 12.4% S (≅96% Ag 2 S) at 55 °C or higher a mixture of metallic silver and silver sulfide was obtained. Thus, the effect of temperature on silver precipitation (as metallic silver) was determined in the interval of 15-55 °C and the results are shown in Figure 12 .
The effect of initial silver concentration ( Figure 13 ) was determined in the range between 0.0139 mol L -1 and 0.0347 mol L -1 . Figure 14 is a plot of log K exp vs. log [Ag + ] initial. The apparent reaction order was of n = 0.524.
It is possible to obtain silver recoveries of 99% from silvercyanide liquids in the presence of dithionite solutions, at room temperature, leading to an amount of silver in these liquids near to 1 ppm, level permitted by the international environmental regulations (<4.63 × 10 -5 mol L -1 Ag, 5 ppm Ag), in the experimental conditions employed. The optimal conditions for the precipitation process are as follows:
.0816 mol L -1 ; Temperature = 25 °C; Stirring rate = 500 min -1 ; and pH = 11. The steps for the application of this process includes: nucleation of silver crystals, the precipitation of this metal, and filtration. Silver metallic obtained needs to be smelted and refined and effluents needs to be detoxified, being one of them the ozonization process for cyanides. Several authors have established the best conditions for the treatment of these kinds of cyanide effluents [19] [20] [21] . After these, the remaining sulfites can be oxidized to sulphates and precipitated as calcium sulphate [22] . 
Application to a real industrial sample
The optimal conditions corresponding to the process of silver precipitation was applied to a real industrial sample with cya- , pH = 11 and stirring rate 500 min -1 . The precipitation of Ag was completed in 45 min, remaining in the liquid waste concentrations of Ag < 3 ppm. Pb, Cu, Zn, Fe and Au stay practically to the initial concentrations; silver recovery was 99.82%. The precipitate was characterized by wet chemical analysis finding a silver purity of 99.82%. Also, the percentages of impurities contained in the precipitate were: Pb = 0.022%, Cu = 0.005%, Zn = 0.083%, Fe = 0.046% and Au = 0.026%. In addition the precipitate was characterized by XRD and SEM-EDS; these analyses indicate the presence of metallic silver as the only specie present, confirming the result obtained by wet chemical analysis.
Comparative study of silver precipitation using sodium dithionite, in cyanide and thiosulphate media Table 1 shows the main kinetic parameters obtained in the study of silver precipitation with sodium dithionite in thiosulphate media (Rivera et al., 2007) and in cyanide media (this work).
In both cases, the reaction order with respect to the OHconcentration is the same and the activation energies are similar. The major effects in cyanide are the variables initial dithionite concentration (reaction order n = 1.675) and initial silver concentration (reaction order n = 0.524), whereas for thiosulphate media the major effect is the thiosulphate concentration (reaction order n = -3). By using standard operating conditions in cyanide media and in thiosulphate media the precipitation reaction rates are similar.
Conclusions
Silver precipitation in the Ag + -CN --S 2 O 4 2-system under the experimental conditions: temperature 25 °C; [
.0816 mol L -1 ; pH = 11; stirring rate = 500 min -1 ; [Ag + ] = 0.0278 mol L -1 , is characterized by a two-steps process: an induction period, and a precipitation period with silver conversion to metallic form. During the induction period no important silver precipitation is observed and corresponds to the nucleation period of silver crystals. The silver precipitation starts and proceeds during the second step. During the precipitation step, silver recoveries are higher than 99%, obtaining metallic silver of high purity as the only species; silver amount in the resulting liquids is near to 1 ppm, level permitted by the international environmental regulations (<4.63 × 10 -5 mol L -1 Ag, 5 ppm Ag). The rate obtained using mechanical stirring (500 min -1 ) was almost the same as with magnetic stirring (range 100-1000 min -1 ). Consequently, the silver precipitation rate is independent of the stirring system used. In the conversion period, the apparent reaction order with respect to OH -concentration was n ≅ 0 in the range between 1 × 10 -4 - 1 × 10 -2 mol L -1 , with respect to initial S 2 O 4 2-concentration was n = 1.675 (0.029 mol L -1 -0.115 mol L -1 ), with respect to the initial Ag + concentration was n = 0.524 (0.0139 - 0.0347 mol L -1 ) and with respect to the cyanide concentration was n = -1.24 (0.0612 - 0.1633 mol L -1 CN -). In the last case, the noncomplexed silver concentration in solution is very low and this concentration decreases sharply as the cyanide concentration increases, obtaining the indicated negative apparent reaction Table 1 . Main kinetic parameters for silver precipitation in cyanide and thiosulphate media.
Reaction order with respect to:
Cyanide media Thiosulphate media order. An apparent activation energy of 77 kJ mol -1 for the precipitation step was obtained in the range between 25-55 °C, indicating a chemical control during the process.
Experimental Procedure
The silver precipitation experiments were done at atmospheric pressure into a conventional glass kettle of 500 ml of capacity, on a heating plate with magnetic stirring, equipped with a stirring gauge and a temperature controller. pH measurement was done with a pH meter, with an electrode that works under extreme conditions of acidity and alkalinity (0-14). Adjustments of pH were done by addition of NaOH 0.5 mol L -1 solution. The temperature of the system at room temperature was controlled and measured with a contact thermometer and an ATC attached to the pHmeter, while for the tests done at elevated temperature, the control was carried out with a thermoregulatory device to maintain batch temperature constant, with a tolerance of 0.5 °C.
Silver solutions were done with high purity AgNO 3 .
The progress of the reaction was realized prefixing times to take samples during the precipitation reaction. Silver precipitation started when solid sodium dithionite was added to the silver-cyanide solutions (the dithionite dissolution is instantaneous in this system). Solutions obtained were analyzed by atomic absorption spectrometry (AAS) for determination of silver a prefixed time and the final solid product was characterized by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
The fraction of Ag was calculated according to the following expressions:
Where: X S = Ag fraction in solution; X P = Ag precipitated fraction; [Ag] T = Initial Ag concentration and [Ag] sol = Ag concentration in solution at time t.
The reaction for silver reduction from cyanide effluents must be done according to the following equation [19] 
Applying logarithm base 10 and substituting into equation (9), was obtained the equation ( 
This confirms that the process under the conditions studied is favored from the thermodynamic view point.
